Abstract. The parameters of barrier distributions on the protein energy landscape in the excited electronic state of the pigment / protein system have been determined by means of spectral hole burning for the lowest-energy pigments of CP43 core antenna complex and CP29 minor antenna complex of spinach Photosystem II, as well as of trimeric and monomeric LHCII complexes transiently associated with pea Photosystem I pool. It has been demonstrated that all of these complexes exhibit sixty to several hundred times lower SHB yields as compared to molecular glassy solids previously probed by means of the hole growth kinetics (HGK) measurements. Thus, the entities (groups of atoms) which participate in conformational changes in protein appear to be significantly larger and heavier than those in molecular glasses. No evidence for small (<1 cm -1 ) spectral shift tier of the spectral diffusion dynamics has been observed. Thus, our data most likely reflects the true barrier distributions of the intact protein and not
Introduction
Spectral hole burning (SHB) is a well-established technique which since the end of the 80-ies 1, 2 has been widely and persistently employed in the studies of pigmentprotein photosynthetic complexes (PS complexes). SHB has been applied to explore electronic level structure, electron-phonon coupling and energy and charge transfer processes in a broad variety of complexes [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , as summarized in a recent review 21 . In terms of low-temperature protein dynamics, the presence of low-energy excitations responsible for the ~T 1.3 dependence of the homogeneous line width, which is characteristic for amorphous solids, was demonstrated for many PS complexes [3] [4] [5] [6] [7] [8] [9] [10] 12 .
Broadening of the spectral holes in time has been explored for several complexes, namely the reaction centers and CP47 complexes of plant Photosystem II (PS II) and bacterial B820 dimers [6] [7] [8] [9] . Later, single photosynthetic complex spectroscopy (SPCS) has become the technique of choice to study low-temperature protein dynamics in PS complexes [22] [23] [24] [25] [26] ; see 27 for recent review. SPCS allows exploring PS complexes one by one, allowing for great insight in the details of their individual properties and behavior, while SHB probes ensemble averages.
Nevertheless, waiting and aging time SHB experiments still continued to be employed to study low-temperature dynamics of other proteins [28] [29] [30] . Both SHB and single molecule spectroscopy have been applied in the research on low-temperature dynamics and energy barrier distributions of glasses and polymers [31] [32] [33] [34] [35] [36] [37] . In particular, hole growth kinetics (HGK) measurements have been employed in 13, [34] [35] [36] [37] . However, until recently the simulations of the hole burning in PS complexes (e.g. 15 ) did not take into account the (probing the dynamics of the ground electronic state of the protein-chromophore system)
and SPCS experiments [22] [23] [24] [25] [26] , which, we believe, at least at liquid helium temperatures, probe the barrier distributions in the excited state of the pigment-protein system (the latter conclusion is still a matter of debate, though, 24, 38 ), can be interpreted with system switching between significantly more than two conformational states. Such situation is best described employing the concept of the multi-well energy landscape with several hierarchal tiers 22, 44, 45 . The one-TLS-per-chromophore approximation appears to be too crude for a protein exhibiting multi-well energy landscape, at least for the smaller-barrier landscape tiers 22 . Thus, in 38 we introduced a SHB model allowing chromophore / protein environment system to assume multiple conformations. Interestingly, our SHB data on LH2 proved incompatible with the lowest-barrier tier SPCS dynamics reported in 22, 23, 25, 26 , while agreeing both qualitatively and quantitatively with the higher tiers dynamics. The white light-induced hole filling was not accompanied by noticeable hole broadening (i.e. no thermally-induced spectral diffusion on the smallest-shift (~1 cm -1 )
tier of the energy landscape was observed on a time scale of ~ hour) and it was impossible to model the holes utilizing narrow (several cm -1 ) anti-hole function and the 6 hole burning yield following from the SPCS experiment parameters 23, 25, 26 (i.e. the lightinduced spectral diffusion corresponding to that landscape tier was, if present at all, much less pronounced than in the SPCS experiments). Hole filling in the dark was negligible during the first couple of hours after burning, which indicates that the spectral diffusion on the higher-barrier tier of the energy landscape observed in SPCS experiments is also predominantly light-induced, not thermally induced. The number of possible conformations on the higher tier(s) of the protein energy landscape, however, appears to be limited. The same conclusion can be reached based on room-temperature SPCS data [46] [47] [48] . These arguments suggest that original SHB models, extended to include Multi-Level
Systems (MLS) still may be satisfactory for these tiers. Important implication of the results briefly described above and presented in detail in Ref. 38 is that SHB, probing ensemble averages, could be used to verify if light-induced spectral diffusion behavior observed in SPCS experiments represents the behavior which is typical for the protein under study, and independent of sample preparation details (e.g. nature of the amorphous host surrounding the protein), and/or other experimental procedures. In other words, the property widely considered to be a deficiency of the SHB with respect to SPCS may be treated as beneficial, since it provides independent benchmarks for SPCS results.
As mentioned above, according to the results of Ref. 38 the spectral diffusion observed in SPCS experiments is most likely light-induced and therefore essentially the same phenomenon as NPHB. With that in mind, we are going to apply the NPHB model of Ref. 38 to determine the parameters of the barrier distributions, affecting the evolution of spectral holes during burning, for several protein antenna complexes including LHCII peripheral antenna complex, CP29 minor antenna complex and CP43 core antenna 7 complex of PS II. First, it is natural to test if barrier parameters observed for LH2 in 38 are typical for PS complexes in general, or are a consequence of some specific properties of LH2. Second, to the best of our knowledge no low-temperature single complex data has ever been presented for CP43 and CP29 complexes. While some low-temperature singlecomplex data is available for LHCII 50, 51, 60, 61 , these papers do not focus on spectral diffusion or barrier distribution parameters. Once respective single complex data becomes available, it could be verified against our SHB-based parameters. The parameters obtained in the course of this study will also be utilized for development and refinement of light-induced spectral diffusion models simultaneously explaining both SHB and low-temperature SPCS results. Another possible application of barrier distribution parameters in photosynthetic research by means of SHB involves disentangling the effects of barrier distributions from the effects related to the distributions of the excitation energy transfer (EET) rates. When distributions of the EET rates becomes measurable in the SHB experiments on higher-energy states of the complexes, they can be compared to those theoretically predicted from the structural data, and additional constraints for transition energies of the chlorophylls in the absence of inter-pigment interactions can be obtained. The latter energies are still not precisely determined for most of the chlorophylls in most of the photosynthetic complexes.
Experimental.

Sample preparation. Spectral holes and hole growth kinetics (HGK) curves
were measured for the lowest-energy regions of CP43 and CP29 complexes of PS II from spinach and of monomeric and trimeric LHCII complexes (transiently associated with 8 Photosystem I, PS I) from pea. CP43 and CP29 samples were isolated and purified as described in 18 and 11 , respectively. In fact the CP43 and CP29 samples used in this work were the same as used in 18 and 11 , respectively; stored in the meantime at 80 o C. As will be demonstrated later, prolonged storage did not affect the spectral properties of CP29 significantly (slight shift of the lowest-energy state has been observed, see below). Unlike most LHCII preparations reported previously, the one employed in this study was obtained in the way of PS I purification (at Tel Aviv University). Isolation of thylakoid membranes from 12-day-old pea (Pisum sativum) was performed based on the previously described method 49 . All the subsequent procedures were performed in dim light at 4-6
C. Isolated thylakoids were adjusted to chlorophyll concentration of 3.0 mg chl/ml and monomers, the LHCII was applied onto a 10-25 % sucrose gradient containing the same buffer, and centrifuged using the SW40 rotor (Beckman, Inc) at 37,000 rpm (24,000 g) for 30 h. LHCII appeared in two dark green bands in the middle of the tube. The lower band contained highly purified trimer complexes, while the upper band contained highly purified monomer complexes. To avoid protein heterogeneity, only the middle section of each band was collected. The material was precipitated with 10 % (w/v) PEG6000 and 50 mM ammonium acetate and subsequent centrifugation at 10,000 g for 5 min. The pellet was dissolved in solution containing 2 mM Tricine-Tris (pH 7), 0.05% (w/v) DM, and adjusted to a chlorophyll concentration of 3.0 mg/ml for further experimental procedures.
Concentrated samples were stored at 80 0 , and thawed up and diluted with buffer (20 mM Bis-Tris, pH 6.0, 0.03% (w/v) DM for CP43, 10mM Tricine, pH 7.8, 0.06% DM for LHCII and 25mM HEPES, pH 7.6, 0.06% DM for CP29) prior to experiment. 
Spectroscopic measurements
2.3.
Model. According to 13, 34, 35, 38 , in the absence of the energy transfer (this is the case for this manuscript focusing on the lowest-energy states of the complexes) the time dependence of the absorption spectrum affected by SHB can be described with
Here  B is the burn frequency, P is the photon flux, t is the burn time and parallel to laser polarization and hole burning quantum yield, respectively.  is the angle between laser polarization and transition dipole. The NPHB yield can be defined as
where  1 is, in the absence of energy transfer, fluorescence lifetime, and   =7. The above equations are adequately describing the hole burning process at broad range of irradiation doses (not just in the shallow hole limit) but only in case NPHB antihole is ignored. Two different approaches to including NPHB anti-hole into consideration have been proposed. In 36 it was assumed that the chromophore interacts with one and only one TLS of the amorphous solid, and therefore the system has perfect spectral memory (upon light-or thermally-induced hole filling the chromophore always returns to the original pre-burn absorption frequency). Recent single complex spectroscopy results 23, 25, 26 suggest that a protein containing chromophore can assume more than two different conformations (different wells on the protein energy landscape 22, 44, 45 ). NPHB modeling procedure has been modified accordingly in 38 , and same procedure will be employed here as well. Namely, it was assumed that molecules starting at  init before burning are , there was no spectral memory (i.e. it was assumed, based on SPCS results for LH2 23, 25, 26 and LHCII 50, 51 , that 14 the single molecule line can be found at significantly more than two frequencies) and no correlation was implied between the shifts of the absorption of a molecule in the consecutive steps. The probability of burning at each step of the sequence was still determined by the standard SHB yield formula (Eq. 2). (The SHB yield can be independently estimated from photon budgets and shift rates of the SPCS experiments 38 ).
The software was extensively tested with various parameters and it has been confirmed that in case the anti-hole was shifted far away to the blue from the burn wavelength (and thus multiple acts of burning per single molecule were excluded), both programs (employed in this work and that of 36, 37 , with perfect spectral memory) yielded identical results. Due to large number of parameters in Eqs. 1 and 2, the simulations described below involved fixing most of these parameters to values independently available from the literature while we were fitting our hole growth kinetics curves for the best barrier distribution parameters. Only when it proved impossible to obtain reasonable fits using parameters previously reported, did we engage in varying other parameters, e.g. electronphonon coupling ones, and in discussing the reasons for the discrepancies.
Results
3.1.
Absorption, fluorescence and SHB action spectra. The sufficiently precise determination of the SDF parameters of the state being burned is important for successfully obtaining the distribution of barriers on the protein energy landscape in the excited electronic state. Figure 1 contains the absorption spectra of complexes being explored as well as the low-dose (<2 mJ/cm 2 ) hole burning action spectra (hole depth dependence on the wavelength for fixed irradiation dose) for the lower-energy states of the complexes. Blue curves represent emission spectra obtained with 650 nm excitation.
According to conventional wisdom, the HB action spectrum represents the SDF of the lowest-energy state of the complex. More precisely, in case of strong overlap between several bands, the action spectrum represents a weighted sum of the parts of the SDF of the two (or more) pigments which can be the lowest-energy ones in respective individual complexes due to disorder 52 . (Similar logic has been applied to LHCII before 53 , with identical SDF assumed for all pigments within a "cluster" containing multiple molecules.) The deconvolution of the CP43 spectra was presented in 52 . The details on other complexes are presented in the Supplemental Section. Briefly, the more or less pronounced asymmetry of HB action spectra, which is due to EET between pigments (or groups of pigments in case of delocalized excitonic states) with uncorrelated SDF, results
in Gaussian fits to these spectra (dashed black curves in frames B-D of Figure 1 ) being relatively poor. In particular, these fits underestimate the red tails of both HB action and absorption spectra of the complexes. Thus, for all complexes the pigment 1 SDF ("pigment 1" refers to the pigment which is on average the lowest-energy one in the complex; in case of trimeric LHCII "complex" refers to monomer) has been chosen in such way as to correctly approximate the low-energy tail of the HB action and absorption spectra. This resulted in the lowest-states SDF being systematically broader than previously reported based on Gaussian fits to HB action spectra 10, 17, 19 . The pigment 2
and if necessary pigment 3 SDF have then been chosen to fit the remaining absorption. It is important to remember that the exact values of peak and width of the lowest-state SDF do not significantly affect the HGK parameters as long as burning is performed at the low-energy side of the band and the SDF provides a good fit to the absorption and HB action spectra at burn wavelength and at longer wavelengths. However, parameters resulting from the fit to HGK data, i.e. those of the -distribution, are sensitive to the oscillator strength of the state being burned. (The oscillator strengths of the states in photosynthetic complexes may differ from one chlorophyll equivalent due to excitonic interactions 15, 62 .) Thus, the purpose of the analysis was also the determination of the realistic range of the oscillator strengths of the lowest state(s).
Within the framework outlined in Ref. 52 , not only the HB action spectra, but also the non-resonantly burned spectral holes (as in 11, 17, 19 ) and the fluorescence spectra contain two (or more) contributions. We stress that only one pigment per individual complex is the lowest-energy one and, therefore, experiences the most effective burning and contributes to the fluorescence spectrum; however due to disorder the pigment (or state) which happens to be the lowest-energy one may vary between individual complexes in the ensemble. The differences in the shape of high-dose and low-dose HB action spectra, and of non-resonantly burned holes 17, 19 can then be attributed to the differences in SHB efficiencies L( B ) between different pigments (states) in the complex. In this study we are focusing on the lowest-energy pigments of the complexes as this guarantees that the observed dispersion of the hole growth kinetics is not contributed to by the dispersion of the excited state lifetimes (dispersion of the homogeneous line widths), and all HGK dispersion can be attributed to the distribution of the barriers between different conformational states of the protein. The parameters of the SDFs of the lowest-energy pigments are summarized in Table 1 .
CP43.
The absorption spectrum of CP43 core antenna complex of PS II is presented in Figure 1A . It very closely resembles those reported earlier 12, 14 and is nearly identical to recent data 18 . The hole-burning action spectrum of CP43 (also presented in Fig. 1A , diamonds) and its interpretation were discussed in details in 18, 52, 54 . Briefly, the action spectrum of CP43 has contributions from A-and B-state chlorophylls (B state seems to be somewhat delocalized), with either one or another happening to be the lowest-energy chlorophyll in a given single complex due to static site energy disorder.
The A-state 12 , likely localized on Chl 44 54 (notation by Loll et al 55 ) , is the major contributor to absorption at 686.8 nm where the HGK measurement described below was performed (arrow). Note that the action spectrum normalized to the absorption spectrum in the region dominated by the A state overshoots the absorption in the region of the narrow B state at 683 nm. This indicates that the hole burning effectiveness is couple of times larger for the B state than for the A state.
CP29:
The absorption spectrum of CP29 ( Figure 1B ) is very similar to that reported in 11, 17 . The most prominent peak is located at 674.8 nm (674.5 in 11 ). The Chl b bands are located at 638.5 nm and 650.3 nm (638.5 and 650.0 nm, respectively in 11 .) As in 11, 17 , the low-energy absorption tail tapers off by ~690 nm. At the first glance, prolonged storage at 80C o did not affect the properties of the sample. The hole burning action spectrum and fluorescence spectrum, though, exhibited somewhat larger red shift with respect to earlier-published results 11, 37 (although the magnitude of the action spectrum shift appears to be irradiation dose dependent, see below). Concerning the HB action spectrum, we utilized approaches, which are significantly different from those of 11 , where relatively intense burning (0.05 J/cm 2 ) and low read resolution (0.5 cm -1 ) were employed. Instead, we used the dye laser in high resolution mode and followed the hole growth kinetics for the initial stage of burning at various wavelengths. The irradiation dose of 0.005 J/cm 2 , ten times smaller than in 11 , still resulted in fractional hole depths being larger than 25% for the lower-energy edge of the absorption band. Thus, Figure 1B reports two lower-dose action spectra -for irradiation dose of 0.0014 J/cm 2 (green triangles) and 0.0002 J/cm 2 (black diamonds). Use of low doses guarantees the holes were far from the onset of saturation. Both action spectra are normalized to fit the lowenergy region of the absorption spectrum. The lower-dose HB action spectrum is peaked at 679.7±0.5 nm (significantly different from 678.4 nm reported in 11 and used in 17 ) and is noticeably asymmetrical. Note, however, that the uncertainty in the determination of the peak position is quite high due to poor signal to noise ratio. The higher-dose action spectrum is peaked at 679.4±0.3 nm and is somewhat more symmetrical (triangles). We stress here that hole burning is effective for the red-most tail of the spectrum. (Although burning in the red edge was observed in 11 and especially in 17 , a Gaussian was used to fit the HB action spectrum, which resulted in red edge of the actual SDF not being included into SDF used in simulations of various hole-burned spectra Table 1 .
LHCII.
The absorption spectra of trimeric and monomeric LHCII are presented in Figure 1C and 1D. The latter is peaked at 675.9 nm, and the former at 675.3 nm. Other prominent peaks are located at 649.6 nm and ~671 nm. These values are practically identical to those reported in 19 (676.0, 671.0, 649.5 nm, respectively, for monomer, with main peak slightly blue-shifted for trimer), despite LHCII complexes explored here and in 19 belonging to different organisms, pea and spinach, respectively.
For aggregated spinach LHCII the main peak has been reported at 676.3 nm in 57 . To further confirm the absence of significant aggregation in our samples, the fluorescence spectra were measured at both 5 K and 80 K and compared with those from 19, 58 . The 5 K 20 fluorescence spectrum of the trimeric LHCII sample is depicted in Figure 1C (blue curve) along with the absorption and action spectra. Obviously, our fluorescence spectrum is similar to the spectra of well-solubilized (non-aggregated) LHCII reported earlier. No significant emission bands have been observed at 700 nm and longer wavelengths. The aggregation state of the LHCII is important since it affects the SDF parameters 57 and, even more importantly, the lifetimes of the lowest-energy states 58 that are one of the key model parameters (  ). The shoulder at ~671 nm is not as well-resolved in the case of pea. Despite some differences, qualitatively, all the tendencies observed before for LHCII from spinach are present in the case of pea: the spectrum of the monomer is somewhat less structured, slightly red-shifted and with stronger lowest-energy region absorption.
The SHB action spectrum for LHCII trimer, Figure 1C , is clearly narrower than for monomer, it is peaked at 678.5 nm and has the FWHM of 90 cm -1 . This could be compared to the data for spinach LHCII trimer from 10 , where Gaussian peaked at 678.2 nm and with the width of 85 cm -1 was used to fit high-dose HB action spectrum. Earlier work by Reddy et al. 59 on samples which later were ruled partially aggregated 57 , reported the HB action spectrum peaked at 679.3 nm and with the width of 110 cm -1 for almost saturated ZPH. Interestingly, much larger fraction of the absorption spectrum can be fitted to the low-dose action spectrum in the case of the LHCII trimer than in the case of the monomer. Due to the somewhat asymmetric shape of the trimer action spectrum (pronounced red tailing), it is more obvious than in the case of the monomer that trimer HB action spectrum most likely contains more than one component, much like that of CP43.
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The monomer's SHB action spectrum ( Figure 1D ), obtained with irradiation dose of 0.0018 J/cm 2 is somewhat asymmetrical and is peaked at 680.2 nm, slightly to the red compared to 679.6 nm recently reported for spinach monomer at slightly higher dose of 0.003 J/cm 2 19 . The FWHM of our low-dose action spectrum is ~120 cm -1 . Note that since action spectrum is somewhat asymmetrical, we are reporting the true FWHM value, not the result of a Gaussian fit. Comparing the absorption and action spectra one can notice that burning at wavelengths longer than 684 nm would guarantee that only the lowestenergy state is probed. Parameters of the SDF of the lowest states of the LHCII trimer and monomer used in subsequent modeling were obtained using the procedure described in 52 and are presented in Table 1 (Details are presented in Supplemental Section.) Figure 2 represents the hole growth kinetics curves for CP43 ( Fig. 2A) at 686.8 nm, CP29 (Fig. 2B ) at 681.7 nm (also probed at 680.5 and 679.0 nm), LHCII trimer ( Fig.   2C ) at 683.1 nm (also probed at 682.3 nm) and LHCII monomer (Fig. 2D) 12, 18 . Note that within the framework of the model for EET between two quasi-degenerate states described in 52 , the small contribution of the B state which might still be present at 686.8 nm belongs to the B-type pigments being the lowestenergy pigments in the complex, and therefore, further downhill EET from these pigments is impossible. Consequently, contrary to what 16 suggests, non-resonantly excited hole burning (or "photoconversion" 14 ) does not contribute to the low-energy sideband in the respective hole spectrum, and the whole that sideband is a pseudo-PSB.
Hole growth kinetics
The latter assignment is supported by the observation that the gap between the burn wavelength and the wavelength where this pseudo-PSB feature tapers off stays constant for burn wavelengths longer than 684 nm 16 . It appears that the shape of the pseudo-PSB in case of 684< B <686 nm is determined by the actual shape of the phonon sideband, not by the shape of the SDF, and, therefore, we used the phonon sideband shape following from SHB data (See Table 1 ). As a result somewhat broader Lorentzian contribution to PSB width was employed here compared to 12, 18 . There is general agreement that the Astate of CP43 is localized on a single Chl a molecule, and, therefore, the integrated 24 absorption cross-section was taken to be equal to that of one Chl a molecule. Finally, we used 16 and our own unpublished data to estimate the shape of the anti-hole function. It is clear that the anti-hole is distributed both to the blue and to the red of the zero-phonon hole. Due to interference between the red fraction of the anti-hole and pseudo-PSB it is unclear if the anti-hole is on average blue-shifted with respect to the ZPH or not. We will use the Gaussian anti-hole function with the width of 40 cm -1 , which is centered on  init .
Introducing slight blue shift did not affect final results significantly. As can be seen in Figure 2A , by the end of the burn, the hole reaches fractional depth of 65%, which is 
CP29.
According to 11, the 5 K homogeneous width for CP29 is 0.04 cm -1 .
The electron-phonon coupling parameters were obtained from 17 . One should note, however, that changes in the parameters of the lowest-state SDF may result in some changes of the parameters of the electron-phonon coupling in order to produce the same delta-FLN spectra as reported in 17 . 4.8 ns lifetime of the lowest state was assumed 56 .
The measured HGK curve and the results of simulations are presented in Figure 2B for burn wavelength of 681.7 nm. At shorter wavelengths for the same tunneling distribution 25 parameters the theoretical HGK is faster than observed. According to 17 the wavelength dependence of the electron-phonon coupling was observed in CP29, with S decreasing towards the shorter wavelengths. Thus, one would expect experimental HGK becoming somewhat faster, not somewhat slower (as observed) towards shorter wavelengths, if the only state being burned at shorter wavelengths was the same as was burned at 681.7 nm.
The opposite tendency means that burning at 680.5 and especially 679.0 nm simultaneously probes two different pigments, with the shorter-energy one exhibiting lower SHB yield than the state dominating absorption at >681.7 nm. Fitting the HGK curves at shorter wavelengths requires using two bands for simulations rather than one.
S=0.4
17 was used for the second-lowest energy band. In this case reasonable (but not perfect) fit to the higher-energy HGK curves was achieved for  ,2 ~ 10. Figure 2D ). According to 56 , 10 K fluorescence decay kinetics of non-aggregated LHCII has two components, 1.8 and 4.4 ns; the latter value, corresponding to the more red-shifted component, was used in this work to simulate the lowest-energy HGK curves for both monomer and trimer.
Concerning the electron-phonon coupling parameters, we utilized those from 19 as initial guesses. However, due to the changes in the SDF parameters proposed in Table 1 , the actual phonon sideband shape may differ somewhat from that suggested in 19 . Moreover, as can bee seen from HGK curves for both monomeric and trimeric LHCII, the maximal fractional hole depth (~45% for monomer and ~35% for trimer) is significantly smaller than expected for S=0.6 (monomer) and S=0.80.9 (trimer) reported in 19 and earlier works. The fits employing the initial guess values of S were relatively poor, and resulted in   >12 for the lowest-energy bands of both monomer and trimer. It was also clear that in order to simulate the early leveling off of the kinetics at high irradiation doses one had to introduce high values of   which in turn resulted in poorer fit to the beginning of the curves. Therefore, we allowed S to increase significantly for both monomeric and trimeric LHCII. Simultaneously, we decreased the width of the Lorentzian part of the PSB somewhat to arrive to approximately the same simulated overall shape of the phonon sideband as in -FLN spectra reported in 19 . (Alternative/modified explanation for the discrepancies will be presented in the Discussion section). One should also note that producing acceptable fits for shorter burn wavelength holes (not depicted) required that the second-lowest state (with parameter different from those for the first state) contributes significantly to absorption already at 682 nm (monomer) and 681 nm (trimer),
respectively. This in turn places limitations on the oscillator strength of the lowest-energy state. The fits presented in Figures 2C and 2D were obtained assuming that the oscillator strength of the two lower-energy states of both the monomeric and trimeric LHCII does not exceed 1.2 Chl a equivalents, in agreement with super-radiance data 62 , non-resonant SHB data from 19 and this work (absence of high-energy satellite holes of significant magnitude) and with the deconvolutions reported in the Supplemental Section. Again, fit parameters are summarized in Table 1 .
Discussion.
As evident from the data presented in Table 1 , the parameters of the tunneling distribution observed for photosynthetic protein complexes are significantly different from those reported for hyperquenched glassy water and simple organic glasses [34] [35] [36] [37] . The LH2 antenna complex, which was explored in detail earlier 38 and that contains bacteriochlorophyll a, not chlorophyll a, exhibited parameters in the same range
Note that small value of   correlates with small inhomogeneous width of the B800 band, ~130 cm -1 . It also is in agreement with our results that LHCII exhibits higher energy barriers than LH2 at room temperature 66 .
Roughly, the hole burning yield is sixty to several hundred times lower in protein complexes than in hyperquenched water and organic glasses [34] [35] [36] [37] . This is reasonable, taking into account that the entities experiencing light-induced fluctuations (tunneling) are expected to be larger and heavier in protein than in the case of amorphous host comprised of small molecules. It is tempting to suggest that these entities are the whole protein sidegroups. Just like in LH2, we did not observe any evidence for fast spectral diffusion, which is likely associated with TLS of the amorphous host surrounding the pigment-protein complexes or with surface TLS 25 . There was no pile-up of anti-hole absorption in the immediate vicinity of the resonant hole, which would be expected if the majority of molecules were capable of experiencing small, <1 cm -1 shifts upon burning 23, 25, 26 . As the homogeneous line widths are very small in the complexes explored in this paper compared to B800 band of LH2, the molecules experiencing spectral shifts as small as several GHz would become virtually unavailable for burning and would stay in the vicinity of the original resonant hole for long enough time to be detected. Summarizing,
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we believe our data reflects the true barrier distributions of the intact protein and not that of the interface or surrounding amorphous host 25 .
The differences between tunneling parameter distributions from complex to complex obviously reflect the differences in the protein environment of the respective chlorophyll molecules. In this respect it is instructive that these parameters are the same, Table 1 is a superposition of the SDFs of the on average lowest-energy pigments in three adjacent monomers, which may be either Lhcb1, Lhcb2, or Lhcb3 proteins; "pigment 2" SDF is a superposition of the on average second-lowest-energy pigment SDFs in adjacent monomers, etc. The three contributions to the HB action spectrum discussed in Section 3.1 and in the Supplemental Section are not the lowestenergy states of Lhcb1…3 proteins, respectively.)
Note that both Chl 604 and Chl 611 are absent in CP29 (See Table 2 where they are highlighted in bold). The parameters of tunneling distribution may also be employed for disentangling the effects of this distribution and of the distribution of the EET rates in the hole burning data obtained for the higher-energy states. The first demonstration of fitting spectral holes using both tunneling parameter and B800B850 EET rate distributions for LH2 complex can be found in Ref. 38 . Detailed discussion on retrieving EET rate distributions of various realistic shapes (e.g. obtained in purely Förster model, extended Förster models, etc) from the hole burning data is beyond the scope of this manuscript; separate manuscript devoted to this issue is in preparation. Briefly, distribution of EET rates has relatively small effect on the hole growth kinetics curves, providing some additional dispersion of HB yields in addition to that originating from the tunneling parameter distribution if the latter has parameters reported here, i.e. for  ~1 … 2. The dependence of the hole width on hole depth, on the other hand, is fairly sensitive to the presence of the EET rate (homogeneous line width) distribution.
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Finally, we address the LHCII electron-phonon coupling parameters following from this work and their disagreement with -FLN data from 19 . Use of the parameters derived from -FLN data 19 results in poor fits to the hole growth kinetics curves in case of both monomeric and trimeric LHCII, and in both cases Huang-Rhys factors had to be increased considerably to explain our HGK data. Obviously, this discrepancy can be attributed just to the differences between the species (pea in this work versus spinach in 19 ). According to Liu et al. 70 , the sequence of LHCII from pea and spinach are only 89%
identical, and some conserved residues are somewhat differently oriented. One may note, , which is exhibiting the most blue-shifted lowest-energy state among the Lhcb1-3 proteins. It would be tempting to suggest that it is Lhcb2 which exhibits larger electron-phonon coupling. Attributing the effect to poor burning into one of the Lhcb proteins naturally explains the fact that same correction factor can be employed for both monomer and trimer: both were isolated in the same procedure from the same raw material, i.e., growth conditions were identical.
Conclusions:
Spectral ; S=0.8-0.9. In our model ~80-100 cm -1 width is attributed to the SDF of the second-lowest energy pigment. d The best fit with electron-phonon coupling parameters exactly as in 19 yields   =12.2 
